ABSTRACT Dense molecular gas and star formation are correlated in galaxies. The effect of low metallicity on this relationship is crucial for interpreting observations of high redshift galaxies, which have lower metallicities than galaxies today. However, it remains relatively unexplored because dense molecular gas tracers like HCN and HCO + are faint in low metallicity systems. We present Green Bank Telescope observations of HCN(1-0) and HCO + (1-0) on giant molecular cloud (34 pc) scales in the nearby low metallicity (12 + log(O/H) = 8.2) starburst IC 10 and compare them to those in other galaxies. We detect HCN and HCO + in one and three of five pointings, respectively. The I HCN /I HCO + values are within the range seen in other galaxies, but are most similar to those seen in other low metallicity sources and in starbursts. The detections follow the fiducial L IR -L HCN and L IR -L HCO + relationships. These trends suggest that HCN and HCO + can be used to trace dense molecular gas at metallicities of 1/4 Z , to first order. The dense gas fraction is similar to that in spiral galaxies, but lower than that in U/LIRGs. The dense molecular gas star formation efficiency, however, is on the upper end of those in normal galaxies and consistent with those in U/LIRGs. These results suggest that the CO and HCN/HCO + emission occupy the same relative volumes as at higher metallicity, but that the entire emitting structure is reduced in size. Dense gas mass estimates for high redshift galaxies may need to be corrected for this effect.
1. INTRODUCTION Within the Milky Way and in other nearby galaxies, dense molecular gas is closely linked to star formation (e.g., Gao & Solomon 2004a; Graciá-Carpio et al. 2006 García-Burillo et al. 2012; Juneau et al. 2009; Kepley et al. 2014a; Usero et al. 2015) . Because of their high critical densities (∼10 4 −10 5 cm −3 ), the fundamental rotational transitions of HCN and HCO + are commonly used to trace this gas. Although these transitions are among the brightest available high critical density lines, they are still typically ∼10 − 30 times fainter than the brightest molecular gas tracer, 12 CO(1 − 0), in normal star-forming galaxies (e.g., Usero et al. 2015) . The faint nature of the emission makes them time-consuming to detect even in the brightest galaxies, limiting the range of galaxy types that have been explored thus far using these tracers. This picture is changing, however, now that the 100-m Green Bank Telescope (GBT) is able to regularly observe at millimeter wavelengths and the Atacama Large Millimeter/submillimeter Array (ALMA) is in full operations as well as the continuing success of the IRAM facilities. These instruments have the sensitivity to detect HCN and HCO + across galaxies with a wide range of star formation rates, masses, and galaxy types (e.g., Kepley et al. 2014a; Usero et al. 2015; Bigiel et al. 2016) .
One area that remains relatively unexplored is the relationship between the dense molecular gas traced by HCN and HCO + , star formation, and metallicity. Low metallicity dwarf galaxies, especially those that are gas rich and actively star-forming, occupy an important part of this parameter space. These local systems have similar metallicities to the mean metallicity observed in galaxies at z ∼ 2 − 3 (Yuan et al. 2013 ). Although they are not exact analogs to high-redshift galaxies, dwarf galaxies do provide key insights into how metallicity influences dense gas tracers and their relationship to star formation, which are necessary for interpreting observations of dense gas at high redshifts.
Our understanding of how CO -the primary tracer of the bulk molecular gas -behaves at low metallicity suggests two possibilities for their behavior of HCN and HCO + at low metallicity. CO emission from galaxies with metallicities less than solar is fainter than one would expect extrapolating from observations of higher metallicity sources (Schruba et al. 2012; Taylor et al. 1998) . This result has been attributed to the reduced dust content of these systems, which leads to reduced shielding from dissociating radiation for CO (Maloney & Black 1988; Wolfire et al. 2010 ). The molecular hydrogen (H 2 ) is largely unaffected because it can shield itself from the dissociating radiation. This disparity drives the CO emission deeper into the molecular cloud as has been demonstrated observationally, e.g., using high (2pc) spatial resolution ALMA observations of CO in the low metallicity galaxy NGC6822 .
If molecular clouds in low metallicity galaxies have the same density structure as at high metallicity, one might expect that while the CO emission is driven deeper into the cloud, the distribution of HCN and HCO + emission is unchanged because it is tracing the dense molecular gas that remains well shielded from dissociating radiation. In that case we would expect the apparent f dense = L HCN /L CO , to be higher in low metallicity galaxies, while the dense gas star formation efficiencythe ratio of star formation to HCN (or HCO + emission) -would resemble that in normal star-forming galaxies.
On the other hand, the whole emitting structure could be driven more deeply into the cloud. In this case, the radii of both the CO (r CO ) and HCN (r HCN ) emitting regions would be reduced but the ratio r HCN /r CO would remain the same as at higher metallicity. Then we might expect the dense gas fraction (i.e., L HCN /L CO ) in low metallicity sources to be similar to those found in higher metallicity galaxies because the relative size of the CO and HCN emitting regions is unchanged. The dense gas star formation efficiency, however, would be higher since the HCN and HCO + emission is tracing a smaller part of the star-forming cloud. This toy model does not take into account that a significant amount of emission from a particular molecular species can be from gas with a density lower than its critical density (Pety et al. 2017; Kauffmann et al. 2017) . However, as model calculations from Leroy et al. (2017) have shown, the line ratios, which are the key observable above, still reflect the overall density distribution of gas.
In addition to the above density-based effects, the lower metallicities of dwarf galaxies may also change their molecular abundance patterns. Chemical modeling of low metallicity systems suggests that the relationship between metallicity and abundances of individual molecules is complex; a lower abundance of a particular element does not necessarily imply that all molecules containing that element have lower abundances (Millar & Herbst 1990; Acharyya & Herbst 2015 . Comparing the properties of dense molecular gas tracers in a wide variety of systems as well as multiple dense gas tracers with different chemical pathways can yield insights into the effects of low metallicity on the abundances in the system.
Obtaining measurements of dense molecular gas tracers in low metallicity systems to test these hypotheses has been difficult. Low metallicity galaxies already have faint CO emission (Tacconi & Young 1987; Taylor et al. 1998; Schruba et al. 2012; Cicone et al. 2017 ) and even in solar metallicity sources the HCN and HCO + are 10 to 30 times fainter than CO. Observations of dense gas tracers in low metallicity galaxies have generally been limited to the four closest, actively star-forming dwarf irregulars -the Magellanic Clouds (Heikkilä et al. 1999; Chin et al. 1997 Chin et al. , 1998 Seale et al. 2012 ), M33 (Rosolowsky et al. 2011; Buchbender et al. 2013) , and NGC 6822 (Israel et al. 2003; Gratier et al. 2010 ) -and one more distant galaxy (He 2-10; Imanishi et al. 2009; Santangelo et al. 2009; Johnson et al. 2018) . The last galaxy is particularly notable, because He 2-10 is the only true dwarf starburst galaxy in this sample and thus bears the closest resemblance to sources at higher redshift.
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The observations of the Magellanic Clouds and the Local Group dwarf irregular NGC 6822 suggest that the dense gas fraction (∝ L HCN /L CO ) does appear higher in dwarfs than in more massive galaxies (Chin et al. 1997 (Chin et al. , 1998 Heikkilä et al. 1999; Israel et al. 2003) . However, M33, a dwarf spiral with metallicity similar to the LMC, shows low ratios of dense gas tracers to CO emission (Buchbender et al. 2013) . Clearly, more data on dense molecular gas in low metallicity systems is needed to understand the impact of low metallicity on the dense gas tracers themselves and on the density structure of the molecular gas.
This paper uses observations of HCN and HCO + emission from molecular clouds across the Local Group dwarf starburst IC 10 to explore how metallicity may affect the relationship between dense gas, CO emission, and star formation. Located only 817 kpc away (Sanna et al. 2008) , IC 10 has a metallicity of about 1/4 Z (12 + log (O/H) = 8.2 ± 0.15; Lequeux et al. 1979; Garnett 1990; Richer et al. 2001; Lee et al. 2003) , intermediate between that of the LMC and SMC. Recently, HCN and HCO + emission have been detected in a single pointing in this galaxy using the Nobeyama Radio Observatory (NRO) 45 m by Nishimura et al. (2016a) and in two out of three pointings using the IRAM 30 m by Braine et al. (2017) .
Here we present contemporaneous observations of five positions within IC 10 using the GBT 4mm receiver. These observations have ∼2−3 times higher resolution than those of Nishimura et al. (2016b) and Braine et al. (2017) allowing us to sample, for the first time, spatial scales similar to those of the giant molecular clouds in IC 10 (∼34 pc). The observed pointings in IC 10 were selected based on their high CO brightness and to sample different regions across the disk of IC 10. One of our pointings has also been observed by Nishimura et al. (2016a) and Braine et al. (2017) and two others by Braine et al. (2017) (see Figure 1) . We combine our GBT data with maps of 12 CO(1 − 0) emission, which traces the bulk of the molecular gas (modulo the caveats above), and far-infrared images, tracing recent star formation, to gain a more complete picture of the molecular gas and star formation in this galaxy. Finally, we compare our results with observations of dense molecular gas 1 We note that within He 2-10, the metallicity varies from supersolar in the star-forming clusters to values similar to the LMC (12 + log (O/H) = 8.3) on the outer edges (Cresci et al. 2017). tracers in other systems including resolved observations of other low metallicity systems and of normal galaxies 2 as well as integrated measurements of entire galaxies, luminous infrared galaxies (LIRGs), and ultra-luminuous infrared galaxies (ULIRGs).
2. DATA 2.1.
GBT Data
We used the 2-beam 4mm receiver on the Green Bank Telescope (GBT) to observe HCN(1-0) (ν rest = 88.63160 GHz) and HCO + (1-0) (ν rest = 89.18853 GHz) at five different positions across the disk of IC 10 (GBT15A-159, PI: A. Kepley). The VEGAS backend was configured with two 187.5 MHz-wide spectral windows with 5.7kHz channels centered on the rest frequencies of the lines. The pointings within IC 10 were drawn from a list of CO 1-0 emission peaks identified using 12 CO(1-0) and 12 CO(2-1) single dish observations from the IRAM 30-m telescope (Bittle et al, in prep) . At the distance of IC 10 (817 kpc; Sanna et al. 2008) , the 8.5 resolution of the GBT corresponds to ∼34 pc, approximately the size of an individual giant molecular cloud.
The detailed information for each observing session is given in Table 1 . We began each observing session with out-of-focus holography scans to correct the dish surface. Each observing session included a set of nods taken on a flux calibrator. Pointing and focusing on calibration sources were done approximately every hour. After the pointing and focusing, we usually carried out a brief nod on the pointing and focus calibrator to serve as a check on telescope performance. We generally observed one pointing until we either had a detection or a strong limit on the line emission before moving on to the next pointing.
Observations of the source nodded the target between the two beams of the 4mm receiver. The data were taken in 20 minute blocks with 30s scans alternating between the two beams. Calibration wheel scans with a hot and cold load were done at the beginning and end of each block.
The likelihood of contamination in the off spectrum is small. The separation between the two beams of the 4mm receiver ∼4.5 , which is enough that the off-source beam lies away from the galaxy. In addition, IC 10 has a v LSR ∼ −350 km s −1 , so its emission is not blended with that from the Milky Way.
We calibrated the data in GBTIDL (Marganian et al. 2006) 3 . Because the signal paths for the two beams are separate, the data for each beam were calibrated independently. First, the calibration wheel scans were used to convert instrumental voltages to antenna temperatures. Then atmospheric corrections as a function of time were applied for each night based on weather data 4 . Next, main beam and aperture efficiencies were calculated for each night from the nod scans targeting a calibrator of known flux, with the current flux density of the calibrator taken from closest observation in frequency and time in the CARMA calfind database 5 . The efficiencies we derive here are consistent with those in Kepley et al. (2014a) . The exception to the above approach was the observing session on 2015 July 23. For this session, the calibrator scans were insufficient to calculate the efficiencies. Instead we used the average value of the main beam efficiency from the other nights. Finally, main beam efficiency was applied to the data, and the scans from both beams were averaged together and a DC baseline was subtracted to create a final spectrum on a T MB scale with 1 km s −1 channels.
CO Data
We use 12 CO(1 − 0) maps from CARMA and the IRAM 30-m telescope to trace the bulk molecular gas content (Bittle et al, in prep) . These data are vastly more sensitive than the previous BIMA 12 CO(1 − 0) map by Leroy et al. (2006) and include short spacing information. The molecular peaks we target are visible in the earlier paper and are consistent with the new data. The combined IRAM 30-m and CARMA data have a synthesized beam ∼ 8 , 2.5 km s −1 channels, an rms of 60 mK, and are sensitive to emission on large scales.
IR Data
We calculate L IR , defined here as total infrared luminosity integrated over the entire infrared band (8-1000µm), for each GBT pointing using data from the PACS instrument on Herschel. To do this, we first retrieved the standard level 2 products for IC 10 from the Herschel archive. Ideally, one would use the 70µm, 100µm, and 160µm data to derive L IR for each GBT pointing. This wavelength range contains 30-50% of the IR emission from a source and has a lower scatter in derived L IR values than just using 70µm and 100µm (Galametz et al. 2013) . However, the resolution of the 160µm Herschel image is coarser than the GBT beam (11.4 vs. 8.5 ). To work around this, we smooth the 70µm, 100µm, and 160µm images to a common 15 Gaussian beam using the method in Aniano et al. (2011) . Then we use the coefficients given in line 17 of Table 3 of Galametz et al. (2013) to calculate the total IR surface brightness, S IR , from the combination of the smoothed 70µm, 100µm, and 160µm data. From this, we calculate the ratio of 70µm emission to S IR for each point. These ratios ranged from 1.3 for point F to 3.5 for point E. Next we convolve the Herschel 70µm data to match the beam of the GBT data (8.5 ) and divide by the 70µm to S IR ratio calculated above to estimate the S IR value for each point. Finally, we converted this 8.5 S IR value to an L IR value using our adopted distance. The derived L IR values are given in Table 2. 3. RESULTS 3.1. HCN and HCO + Detections and Limits Figure 1 shows the locations of our five observed pointings on the PACS 70µm map, along with the CO, HCN, and HCO + spectra for each pointing. We detect HCO + in three of the five surveyed positions (D, F, and I) with a tentative detection at one position (L). We detect HCN in one position (D). We identify detections based on 1) the presence of emission greater than 3σ within ± 250 km s −1 of the LSR velocity of CO and 2) that the fitted peak velocity of this emission is within ±5 km s −1 of the CO. Requiring both conditions 1 and 2 allows us to assess the possibility of false positives. We do not find any > 3σ peaks for HCN and HCO + more than 3km s
away from the derived 12 CO(1 − 0) peak. Our tentative HCO + detection at position L is based on the presence of significant (> 3σ) emission at the same velocity as the 12 CO(1 − 0). The properties of the line emission were derived by fitting the spectra with a single Gaussian. For non-detections, 3σ upper limits on the peak T MB were derived from the standard deviation of the spectrum and 3σ upper limits on the luminosity were derived assuming a line width of 10 km s −1 and unresolved sources. These results are summarized in Table 2 .
Some of our observed positions were also observed at lower resolution by Nishimura et al. (2016a) and Braine et al. (2017) . The GBT observations presented here sample 34 pc size scales, while the Nishimura et al. (2016a) observations sample 80 pc size scales and the Braine et al. (2017) observations sample 110 pc size scales. Our position D is coincident with the position observed by Nishimura et al. (2016a) . The HCN and HCO + linewidths and velocities presented here are consistent with the detections in that paper, although the Nishimura et al. detection has a slightly larger linewidth (∼14−15 km s −1 vs. ∼11 km s −1 ). The larger line width measured by Nishimura et al. may result from their larger beam size (20 vs. 8.5 ) sampling a wider range of velocities, which would be expected when observing a turbulent medium at larger scales. Positions b8, b9, and b11 observed in Braine et al. (2017) are coincident with our positions I, E, and D, respectively. The latter paper does not measure the peaks and linewidths, but a comparison of the detections shown in their Figure 5 with our detections show similar profiles, but with lower line peaks and broader widths.
We find that the measured integrated line luminosity for position D -the only position detected in Nishimura et al. (2016a) , Braine et al. (2017) , and this paperincreases with increasing beam size. Compared to our derived line luminosity, the measured HCN line luminosities for position D are 2.5 times and 3.7 times higher b The flux calibrator data for this night was insufficient for calculating the main beam efficiency. We adopted average efficiencies from previous nights for this night.
and the measured HCO + line luminosities are 5.7 times and 9.8 times higher for Nishimura et al. (2016a) and Braine et al. (2017) , respectively. Here we assume that differences in calibration and data processing among the data sets are negligible. This trend suggests that the HCN and HCO + emission is spread across a region at least ∼ 110pc, i.e., the Braine et al. (2017) beam size. This result is supported by the larger line widths found by Nishimura et al. and Braine et al. In addition, both Nishimura et al. (2016a) and Braine et al. (2017) have more excess HCO + emission than they have excess HCN emission. This trend also suggests that the HCO + emission is more extended than the HCN emission.
The Effect of Metallicity on I HCN /I HCO +
To investigate the potential effects of low metallicity on the HCN and HCO + measurements, Figure 2 compares the measured I HCN /I HCO + line ratios (including upper limits) with those found in other low metallicity systems (Chin et al. 1997 (Chin et al. , 1998 Buchbender et al. 2013; Braine et al. 2017) , the normal spiral M51 (Bigiel et al. 2016) , and in other starbursting galaxies like M82 (Kepley et al. 2014a), the Antennae (Bigiel et al. 2015) , and He 2-10 ( Johnson et al. 2018) .
In three of the four IC 10 pointings with at least one line detected (D, F, and I), the I HCN /I HCO + ratio is constrained to be less than one. The remaining pointing (L) has a tentative HCO + detection and an upper limit on I HCN /I HCO + that is consistent with unity. The I HCN /I HCO + ratio for position D is higher than that found at the same position by Nishimura et al. (2016a) and Braine et al. (2017) . To show this, we have given all three data points the same (arbitrary) y-axis value in Figure 2 . The simplest explanation of this difference is the larger beam size of the latter observations. Resolved observations of HCN and HCO + in low metallicity systems have found that the HCO + emission is typically more extended than the HCN emission. This effect has been seen in observations on both large (∼150 pc; Johansson et al. 1994; Heikkilä et al. 1999 ) and small (∼15 pc); Seale et al. 2012; Pety et al. 2017) scales. Therefore, the larger (∼80 pc) beam of Nishimura et al. could be expected to capture more HCO + emission than our smaller ∼34 pc beam, resulting in a lower I HCN /I HCO + ratio. Mapping, e.g., with the new GBT 16-pixel ARGUS array, would conclusively test this hypothesis. Figure 2 shows that these measured I HCN /I HCO + line ratios (including upper limits) in IC 10 are within the range of values found for all our comparison samples. They are most consistent with those found in other low metallicity systems as well as those in other starbursting galaxies like M82, He 2-10, and the Antennae (Kepley et al. 2014a; Bigiel et al. 2015; Johnson et al. 2018) . They are on the low end of the I HCN /I HCO + ratios found for the GOALS sample of bright infrared galaxies (Privon et al. 2015) and lower than the ratios found in the nearby spiral galaxy M51 (Bigiel et al. 2016; Gallagher et al. 2018) . The line ratios found in the latter system are consistent with the line ratios found for a larger sample of 9 spiral galaxies (M. Jiménez-Donaire et al., in prep). Aside from the differences in I HCN /I HCO + seen for position D in IC 10, the I HCN /I HCO + does not appear to depend strongly on the spatial resolution of the observations when compared among different sources (see Figure 2) .
The observed values of I HCN /I HCO + in IC 10 could potentially be the result of a number of effects including differences in the density distribution or abundance ratios (Nishimura et al. 2016b ,a) of the molecular gas as well as the effects of photo dominated regions (Heikkilä et al. 1999) or shocks (Mitchell & Deveau 1983 ). We do not have enough information here to distinguish between these scenarios. Regardless of the exact mechanisms involved, however, the values of I HCN /I HCO + in IC 10 and other low metallicity galaxies are similar to the low end of the values found in higher metallicity galaxies. This result suggests that changes in I HCN /I HCO + due to metallicity are relatively small compared to the overall range of I HCN /I HCO + values found within and among galaxies. (Huchra et al. 1999) . The ±3σ region is indicated as a shaded gray region about the zero baseline shown as a dark gray line. . The metallicity for each galaxy is shown in the upper right hand corner and the placement of the points on the vertical axis for each source is arbitrary except for IC 10, where we have placed measurements from the same location in the galaxy at the same (arbitrary) y value. We use metallicities taken from the compilation of Krumholz et al. (2011) rather than individual metallicity estimates from the literature because that work placed all the galaxies on the same metallicity scale. The size of points in the plot have been scaled logarithmically with the spatial resolution of the observation, except for the points from Privon et al. (2015) , which span a wide range of spatial scales. In general, the HCN/HCO + ratios in IC 10 are less than one. They are within the range of values seen in other higher metallicity sources. They are most similar to the ratios seen in other low metallicity galaxies and in starburst galaxies like M82 and He 2-10. Our point D is coincident with the Nishimura et al. (2016a) detection and pointing b11 from Braine et al. (2017) , but we measure a higher HCN/HCO + intensity ratio than either. This is likely the result of our smaller beam size and, taken at face value, suggests that the HCN emission is distributed over a smaller area than the HCO + emission.
The Effect of Metallicity on the Relationship Between Dense Gas and Star Formation
In the Milky Way and in nearby galaxies, the amount of dense molecular gas (as traced by HCN or HCO + ) is linearly correlated with the amount of star formation as traced by L IR (e.g., Gao & Solomon 2004a; Juneau et al. 2009; Wu et al. 2010) . To see whether the low metallicity of IC 10 affects this fiducial relationship, we plot the measured L HCN and L HCO + values as a function of L IR for IC10 and compare them with other samples from the literature (Figure 3) . We include integrated measurements of entire galaxies (Gao & Solomon 2004b) , integrated measurements of LIRGs and ULIRGs (Graciá-Carpio et al. 2008; Juneau et al. 2009; García-Burillo et al. 2012) , resolved measurements within galaxies (Brouillet et al. 2005; Buchbender et al. 2013; Kepley et al. 2014a; Usero et al. 2015; Bigiel et al. 2016; Chen et al. 2017) , and finally measurements for individual clouds in the Milky Way (Wu et al. 2010; Ma et al. 2013; Stephens et al. 2016) .
The HCN and HCO + detections and limits that we measure in IC 10 are consistent with the correlation between IR emission and HCN and HCO + first noted by Gao & Solomon (2004a) . This result suggests that the low metallicity of IC 10 has a relatively small effect on L HCN and L HCO + . Combined with the knowledge that I HCN /I HCO + also has a weak dependence on metallicity, our observations support the idea that HCN and HCO + can be used as dense gas tracers in low metallicity galaxies like IC 10, at least to first order. However, we note that while the relationship space appears relatively tight in log-log space (σ log LIR/LHCN ∼ 0.3), the L IR /L HCN values have a large range (factor of 1000; cf. Figure 3) . We return to this point in § 3.4.
It is important to note that using L IR as a star formation indicator for IC 10 may introduce biases into this relationship. In general, extragalactic studies have focused on spiral galaxies and on dust-enshrouded starbursts like LIRGs and ULIRGs. Therefore, they have generally used L IR as their star formation rate tracer of choice, since all or nearly all the photons emitted by young massive stars in these galaxies should have been reprocessed by dust. For galaxies like IC 10, however, L IR may underestimate the star formation rate in these systems due to their relative lack of dust, which allows photons from the young massive stars to escape without being processed by the dust (Bell 2003) .
For IC 10, the integrated Hα-based star formation rate is a factor of 4 times higher than the integrated IR-based star formation rate (Leroy et al. 2006) . However, the observed pointings in IC 10 are bright in the IR (cf. Figure 1 ) and the GBT beam is roughly the same scale as the giant molecular clouds in this galaxy. Therefore, we are likely probing the giant molecular cloud environment within IC 10, which should be relatively dusty, and therefore L IR may be an appropriate tracer of star formation. High resolution observations of II Zw 40, another low metallicity dwarf starburst, show significant extinction associated with massive star-forming regions even in this low metallicity system (Kepley et al. 2014b ). Based on the preceding arguments and for consistency with other observations, we use the measured L IR as our star formation tracer for the individual pointings within IC 10, but note that the true star formation rates could potentially be a factor of 4 higher, i.e., the ratio of the Hα to L IR -based star formation rate estimate for IC 10. If our assumed star formation rates for IC 10 are underestimated by up to a factor of 4, they would lie slightly above the fiducial relationship.
The Relationship between the Dense Gas Fraction and the Molecular and Dense Gas Star Formation Efficiencies at Low Metallicity
Having established in § § 3.2 and 3.3 that we can use HCN and HCO + as dense gas tracers even in low metallicity sources like IC 10, Figure 4 shows the relationship between bulk molecular gas star formation efficiency (as traced by L IR /L CO ) and the dense gas fraction (as traced by either L HCN /L CO or L HCO + /L CO ) along with points from our comparison samples. We find that the measured bulk molecular gas star formation efficiencies in IC 10 span the full range of molecular gas star formation efficiencies observed in other galaxies, i.e., one and a half orders of magnitude. The scatter in these points is consistent with the scatter shown in other resolved measurements in nearby galaxies and higher than the scatter for integrated measurements of entire galaxies (as one might expect based on the large amount of spatial averaging in the integrated measurements).
The dense gas fractions for regions within IC 10 are on average lower than those found in LIRGs and ULIRGs. They are largely consistent with the dense gas fractions seen in a pointed survey of regions within nearby spiral galaxies (Usero et al. 2015) and with resolved measurements of the disk of M51 (Bigiel et al. 2016) . The L HCN /L CO ratio and limits for IC 10 are also consistent with values measured over similar size scales (∼34 pc) for giant molecular clouds within the Milky Way (L HCN /L CO = 0.014 ± 0.02; Helfer & Blitz 1997) . We note that the dense molecular gas fractions and molecular gas star formation efficiencies measured by Braine et al. (2017) for a sample of low metallicity galaxies (including IC 10) occupy a similar location on the plots to our IC 10 points.
Uncertainties in our star formation rate and the COto-H 2 conversion factor may shift the location of the IC 10 points on this plot. Note that if our star formation rates are underestimated by a factor of up to 4, the molecular star formation efficiencies in IC 10 shift towards the upper end of the range. However, metallicitydriven variations in the CO-to-H 2 conversion factor will tend to move points down by a factor of a few, leading to lower dense gas fractions, although the exact magnitude Gao & Solomon (2004a) and Graciá-Carpio et al. (2008) , suggesting that to first order HCN and HCO + are acceptable tracers of dense gas even in low metallicity systems like IC 10.
of the effect depends both on the CO-to-H 2 conversion factor and on how well HCN and HCO + trace the dense gas at low metallicity.
Point F is the exception to the above trends. It has an extremely high L HCO + /L CO ratio, but its L HCN /L CO limit is consistent with the other points within IC 10. We suggest that the high L HCO + /L CO ratio is due to evolutionary effects rather than an intrinsically high dense gas fraction. If the dense gas fraction was intrinsically high, then we would expect both L HCO + /L CO and L HCN /L CO to be high, with L HCN /L CO likely higher than L HCO + /L CO since HCN traces gas with a higher critical density. This is clearly not the trend seen in panels (a) and (b) of Figure 4 . We note that point F is located at the intersection of several gas bubbles in the central region of IC 10 (see Figure 1 as well as Wilcots & Miller 1998 and Leroy et al. 2006) . HCO + emission can be enhanced by emission from shocks (Viti & Williams 1999) The elevated HCO + emission at point F suggests that HCO + emission can be locally enhanced beyond what might expect from the gas density and thus HCO + may not always be a more reliable tracer of dense gas than HCN, as suggested by Braine et al. (2017) and Johnson et al. (2018) . We compare the dense gas fraction (as traced by L HCN /L CO or L HCO + /L CO ) with the dense gas star formation efficiency (as traced by L IR /L HCN or L IR /L HCO+ ) for IC 10 and our sample of comparison galaxies in panels (c) and (d) of Figure 4 . The dense gas star formation efficiency in IC 10 is relatively high and is consistent with the high end of dense gas star formation efficiency found in individual pointings within galaxies (Usero et al. 2015; Bigiel et al. 2016) and the values found in LIRGs and ULIRGs (Juneau et al. 2009; García-Burillo et al. 2012) . The normal dense gas fractions and high dense gas star formation efficiencies are consistent with the values in the outer disk of M51 (c.f. Figures 3 and 4 in Bigiel et al. 2016) , which has metallicity of 12 + log(O/H) ∼ 8.4 (Bresolin et al. 2004) . They are also consistent with normal dense gas fractions and high dense gas star formation efficiencies found for a sample of low metallicity galaxies that includes IC 10 by Braine et al. (2017) .
This result assumes our L IR -based star formation rates trace the true star formation in these galaxies. If the star formation rates are a factor of 4 higher, then the dense gas star formation efficiencies in IC 10 would be on the high end of the distribution seen in other galaxies. As discussed above, point F has an anomalously high L HCO + /L CO ratio that we attribute to evolutionary effects. Figure 4 shows that the dense gas fractions in IC 10 are low compared to those found in LIRGs and ULIRGs and comparable to those found in nearby spirals, while the dense gas star formation efficiencies are comparable to those found in LIRGs and ULIRGs and at the high end of nearby spiral galaxies. These results suggest that the CO and HCN emission occupy the same relative volumes as at higher metallicity, but that the size of the entire emitting region has been reduced. This effect leads to normal dense gas fractions because the volume of the CO and HCN emitting regions have been reduced by a similar amount, but higher dense gas star formation efficiencies because the same star-forming region is associated with less HCN or HCO + emission. This picture is consistent with the results of Madden et al. (1997) , which showed that the [C ii] and molecular hydrogen emission are largely coincident while the CO emission originates from a much smaller volume of the molecular cloud due to lack of self-shielding. The structure of the emission implied by the dense gas fractions and dense gas star formation efficiencies in IC 10 implies that comparing dense molecular gas seen at higher redshift with that observed in the local universe will require a metallicity-based correction to compensate for a decrease in the volume of the molecular cloud traced by HCN and HCO + .
4. SUMMARY In this paper, we present new Green Bank Telescope observations of the dense molecular gas tracers HCN and HCO + in the nearby low metallicity starburst galaxy IC 10 with the goal of quantifying the relationship between these tracers and star formation. Understanding how this relationship behaves in low metallicity systems provides key insights into observations of dense molecular gas at higher redshifts, where galaxies have lower metallicities.
We detect HCN emission in one out of the five positions observed and HCO + emission in three of the five positions with a tentative fourth detection. In all cases, the I HCN /I HCO + ratio or upper limit on such a ratio is consistent with being less than one, similar to the ratio found in other low metallicity systems as well as the ratio in starburst galaxies. It is lower than the typical ratio found in the normal spiral galaxy M51. The observed I HCN /I HCO + ratios in IC 10 could be the result of several different effects including the density distribution of the gas, abundance effects driven by star formation or lack of nitrogen, and/or shocks. Unfortunately, we do not have enough information to distinguish between these possibilities. Regardless of the exact cause, the fact that the I HCN /I HCO + values within IC 10 are within the range of values found for more massive galaxies suggests that changes in I HCN /I HCO + due to metallicity are relatively small compared to other effects that contribute to I HCN /I HCO + variations in more metal-rich systems.
We compare our L HCN and L HCO + values to the infrared luminosity (L IR ) derived from infrared-color corrected 70 µm Herschel data. Although in general L IR may underestimate the star formation rate in low metallicity galaxies due to their relatively low dust content, the pointings observed here are bright in the infrared and the high resolution of the GBT biases our observations to dusty environments where L IR is good tracer of star formation. We take as our systematic uncertainty in star formation the ratio between the Hα-and L IRderived total star formation rates for IC 10 (roughly a factor of 4). We find that our detections and limits are consistent with the L IR −L HCN and L IR −L HCO + relationships seen in integrated measurements of whole galaxies as well as resolved measurements in our own Milky Way and in other nearby galaxies. This result, combined with the relatively normal I HCN /I HCO + ratios in this sytem, suggests that, to first order, HCN and HCO + can be used as a dense gas tracers even in this low (1/4Z ) metallicity system.
To gain insight into the relationship between dense gas and star formation in IC 10, we compare the dense molecular gas fraction, the molecular gas star formation efficiency, and the dense molecular gas star formation efficiency found in IC 10 to those in our comparison samples. The bulk molecular gas star formation efficiency in IC 10 is consistent with the full range of values observed in other galaxies. We find that the dense gas fraction in IC 10 is comparable to that seen in nearby galaxies, but lower than that in LIRGs or ULIRGS. However, the dense molecular gas star formation efficiency is relatively high and consistent with the upper end of values found in individual pointings within galaxies and in LIRGs and ULIRGs. If we have underestimated the star formation rate by a factor of a few, then both the bulk molecular gas and dense molecular gas star formation efficiencies for IC 10 would be even higher. The exception to these trends is pointing F, which has an anomalously high L HCO + value. We suggest that the HCO + emission at this location, which is at the intersection of several molecular gas bubbles, has been enhanced due to shocks.
The normal dense gas fractions, but high dense gas star formation efficiencies found in IC 10 suggest that the molecular gas in this low metallicity system retains the same relative structure for CO and HCN as in more metal-rich galaxies, but that the entire emitting structure has been pushed further into the cloud, reducing its overall size. This implies that HCN and HCO + will, in general, trace the dense molecular gas in high redshift galaxies, but that the conversion to the observed amount Graciá-Carpio et al. 2008; Juneau et al. 2009; García-Burillo et al. 2012) , and resolved measurements within galaxies (squares; Buchbender et al. 2013; Kepley et al. 2014a; Usero et al. 2015; Bigiel et al. 2016; Braine et al. 2017) . The molecular star formation efficiency appears to span the full range of molecular star formation efficiencies found in a sample of nearby galaxies, but is lower than that found in LIRGs/ULIRGS. With the exception of point F, the dense gas fractions found in IC 10 are consistent with the average dense gas fractions found in individual regions within nearby galaxies by Usero et al. (2015) . Point F, which is located at the intersection of several bubbles, has an elevated L HCO + /LCO ratio that is likely the result of enhanced HCO + emission due to shocks. Bottom row: The dense gas fraction as a function of the dense gas star formation efficiency for HCN (left) and HCO + (right) for the same set of comparison samples. The vertical lines indicate from left to right 0.1 (dotted),
